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LINEAR  FREQUENCY  MODULATION  DERIVED  POLYPHASE 
PULSE-COMPRESSION  CODES  AND  AN  EFFICIENT 
DIGITAL  IMPLEMENTATION 


INTRODUCTION 

In  previous  publications  [1,3] ,  the  authors  introduced  a  new  class  of  polyphase  pulse-compres¬ 
sion  codes  and  techniques  for  use  in  digitally  coded  radars.  Such  codes  and  compressors  can  be  em¬ 
ployed  to  obtain  much  larger  time-bandwidth  products  (pulse  compression  ratios)  than  are  feasible 
with  analog  dispersive  delay  lines. 


It  is  the  purpose  of  this  report  to  extend  this  class  to  include  two  new  codes,  one  of  which  is 
tolerant  of  precompression  bandwidth  limitation  f3f-. 


These  new  phase  c  odes  are  conceptually  derived  from  a  linear  frequency  modulation  waveform 
(LFMW)  and  are  more  doppler  tolerant  than  other  phase  codes  derived  from  a  step  approximation 
to  a  LFMW.  This  report  will  also  describe  an  efficient  technique  for  implementing  these  new  phase 
codes  in  a  digital  pulse-expander-compressor  and  will  present  performance  data. 


It  should  be  noted  that  these  phase  codes  are  designed  to  be  used  both  on  transmission  and 
reception  to  insure  that  the  receive  filter  matches  the  transmitted  waveform  independent  of  time 
differences  between  the  leading  edge  of  the  echo  and  a  sampling  pulse,  i.e.,  independent  of  target 
range. 


NEW  PHASE  CODES 

The  two  new  phase  codes  will  be  called  the  P3  and  P4  codes  to  distinguish  them  from  the  PI 
and  P2  codes  disewaseel  in  Ref.  3.  The  P3  code  is  not  precompression  bandwidth  limitation  tolerant, 
but  is  much  more  doppler  tolerant  than  the  Frank  or  PI  and  P2  codes.  The  P4  code  is  a 
rearranged  P3  code  with  the  same  doppler  tolerance  and  with  better  precompression  bandwidth 
limitation  tolerance.  .. _ 


P3  CODE 

The  P3  code  is  conceptually  derived  by  converting  a  linear  frequency  modulation  waveform  to 
baseband  using  a  local  oscillator  on  one  end  of  the  frequency  sweep  and  sampling  the  inphase  1  and 
quadrature  Q  video  at  the  Nyquist  rate.  Assuming  that  the  waveform  to  be  coherently  detected  has 
a  pulse  length  T  and  frequency 

f-fo+M,  (1) 

where  A  is  a  constant,  the  bandwidth  of  the  signal  will  be  approximately 

B-kT.  (2) 
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This  bandwidth  will  support  a  compressed  pulse  length  of  approximately 

te  *  1  IB  ,  (S 

and  the  waveform  will  provide  a  pulse  compression  ratio  of 

p  =  T/tc  =  BT  (4 

Assuming  that  the  first  sample  of  I  and  Q  is  taken  at  the  leading  edge  of  the  waveform,  the 
phases  of  successive  samples  taken  tc  apart  will  be 

(i- 1  )tc  _  1 

0(P3)  =  2n  J  [(/0+fet)-/f0Jdt  =  jrfe(i- l)2f*  ,  d 

where  i  =  1,  2,  .  .  p.  From  Eq.  (2),  fe  =  B/T  and  from  Eq.  (3),  tc  =  1/B.  Therefore,  Eq.  (5)  can  be 
written  as 


^P3)  =  jr(i  -  1  )2/BT  =  jr(i  -  1  )2/p  . 


With  p  =  16,  the  P3  code  modulo  2ir  is 
i  =12, 
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P4  CODE 

The  P4  code  is  conceptually  derived  from  the  same  waveform  as  the  P3  code.  However,  in  this 
case,  the  local  oscillator  frequency  is  set  equal  to  fa  +  kT/ 2  in  the  I,  Q  detectors.  With  this  fre¬ 
quency,  the  phases  of  successive  samples  taken  tc  apart  will  be 


*!P4  >  =  2it  J  |tf0  +  kt)  -  (4  +  feT/2)  J  dt  =  2ir  |  fe(I  -  772)  dt 


*<P4)  -  *fe(i  -  l)2t?  -  *kT(i  -  l)tc  -  y(‘~  1)2  -  x(i  -  1)  . 
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With  p  =  16,  the  P4  code  modulo  2 it  is 
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It  should  be  noted  that  the  largest  phase  increments  from  code  element  to  code  element  are 
on  the  two  ends  of  the  P4  code  but  are  in  the  middle  of  the  P3  code.  Thus,  the  P4  code  is  more 
precompression  bandwidth  limitation  tolerant  than  the  P3  code.  This  follows  since  precompres¬ 
sion  bandwidth  limitations  average  the  code  phase  increments  and  would  attenuate  the  P4  code  on 
the  ends  and  the  P3  code  in  the  middle  as  discussed  in  Ref.  2.  The  former  increases  the  [teak  to  side- 
lobe  ratio  of  the  compressed  pulse  while  the  latter  decreases  it. 


EFFICIENT  DIGITAL  PULSE  EXPANDER-COMPRESSOR  IMPLEMENTATION 

The  P3  and  P4  codes  can  be  implemented  in  a  pulse  expander-compressor  employing  digital 
fast-Fourier-transform  circuits  (FFT)  [4]  similar  to  those  discussed  for  the  Frank  and  PI  codes  in 
Ref.  2.  These  expander-compressors  take  advantage  of  the  fact  that  the  P3  code  only  differs  from 
the  Frank  code  by  it  phase  shifts  every  p1/2  code  elements  and  by  added  phase  increments  from 
code  element  to  code  element  that  repeat  every  p112  samples.  These  added  phase  shifts  are  caused 
by  the  linear  frequency  shift  during  the  time  the  equivalent  Frank  code  frequency  is  constant.  This 
difference  between  the  P3  and  Frank  codes  is  illustrated  in  Table  1  through  Table  4  for  p  =  16.  The 
extra  phase  increments  can  be  added  to  the  p1/2  individual  time  samples  in  the  FFT  and  their 
accumulated  value  it  in  the  same  time  period  that  Frank  code  frequency  exists  can  be  added  to  the 
frequency  port  outputs  of  the  FFT  (illustrated  in  Figs.  1  and  2).  (Note  that  even-number  multiples 
of  it  need  not  be  added  since  they  are  equivalent  to  zero  phase  shift). 


Table  1  —  P3  Code  Matrix,  p  =  16 
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Table  2  —  Adding  tt  to  Every  Other  Row 
of  Table  1  and  Subtracting  Even 
Multiples  of  it 
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Table  3  —  Frank  Code  Matrix,  p  = 
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Table  4  Subtracting  Frank  Code 

Phases  (Table  3)  from  Phases 

in  Table  2. 
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PERFORMANCE  DATA 

Figure  3  illustrates  the  autocorrelation  function  or  compressed-pulse  waveform  that  is  obtained 
with  the  digital  pulse-expander-compressors  illustrated  in  Figs.  1  and  2  with  no  doppler  and  no 
bandwidth  limitation.  The  sample  number  corresponds  to  a  range  cell  in  time  in  a  radar.  In  this  case, 
the  pulse-compression  ratio  is  p  =  100  and  the  highest  range-time  sidelobe  is  4 p  below  the  peak 
response.  For  comparison  purposes,  Fig.  4  illustrates  the  autocorrelation  function  of  the  Frank  or 
PI  codes  with  zero  doppler  and  no  bandwidth  limitation  —  they  both  have  4-db  lower  peak  range¬ 
time  sidelobes  than  the  P3  or  P4  codes. 

Figure  5  illustrates  the  effect  of  a  doppler  shift  equal  to  5%  of  the  bandwidth  on  the  P3  or  P4 
code  compressors.  Figure  6  (for  comparison  purposes)  shows  the  compressed  pulse  that  would  result 
from  using  the  Frank  or  PI  codes  with  this  doppler  shift.  Note  that  the  large  grating  lobes  that 
appear  with  doppler  in  the  Frank  or  PI  code  autocorrelation  functions  are  absent  in  the  P3  and  P4 
results. 

The  P3  and  P4  code  peak-gain  cycles  with  increasing  doppler  like  the  Frank  (and  PI  and  P2) 
code,  as  illustrated  in  Ref.  2,  Fig.  1.  This  cycling  repeats  at  doppler  shifts  equivalent  to  an  odd 
multiple  of  a  half-range-cell  range-doppler  coupling,  i.e.,  when  the  doppler  causes  n  phase  shift 
across  the  uncompressed  pulse.  These  gain  changes  and  the  accompanying  peak  broadening  can  be 
controlled  by  amplitude  weighting  the  FFT  frequency  ports  in  the  compressor  on  receive,  as  dis¬ 
cussed  in  Ref.  1. 

With  large  doppler  shifts,  as  shown  in  Fig.  5,  all  frequency  derived  polyphase-pulse- 
compression-code  autocorrelation  functions  are  folded  in  frequency  due  to  the  time  sampling.  This 
folding  produces  the  asymmetry  in  the  farthest  out  sidelobes.  An  up  doppler  makes  the  highest 
frequency  part  of  the  code  match  the  lowest  frequency  part  of  the  matched  filter,  while  down 
doppler  produces  a  reverse  effect. 


sample  number 

Fig,  3  —  P3  or  P4  autocorrelation  function,  p  *  100, 
zero  doppler  shift  and  no  bandwidth  limitation 
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Fig.  4  —  Frank  coda  autocorrelation  function,  p  •  100, 
uro  doppier  shift  and  no  bandwidth  limitation 


Fig.  5  —  P3  or  P4  autocorrelation  function,  p  -  100, 
doppier  -  0.05B  with  no  bandwidth  limitation 
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Pig.  6  —  Frank  code  autocorrelation  function,  p  =  100, 
doppler  -  0.05B  with  no  bandwidth  limitation 


CONCLUSIONS 

The  P3  and  P4  polyphase,  pulse-compression  codes  do  not  produce  the  large  range-time 
grating  lobes  with  large  doppler  shifts  that  are  characteristic  of  the  Frank,  PI,  and  P2  codes. 

Both  the  P3  and  P4  codes  can  be  compressed  with  digital  fast  Fourier  transform  circuits  (FFT) 
with  additive  phase  shifts  in  the  FFT  time  samples  and  ir  phase  shifts  in  every  other  FFT  output 
(frequency)  port. 

The  P4  code  is  much  more  tolerant  of  precompression  bandwidth  limiting  than  the  P3  code. 

The  digitally  implemented  phase  coding  and  compressing  makes  larger  pulse  compression 
ratios  possible  than  would  be  feasible  with  dispersive  delay  line  analog  systems.  In  addition,  the 
better  doppler  tolerance  of  the  P3  and  P4  codes  permit  these  large  time-bandwidths  to  be  effective 
in  the  presence  of  large  doppler-shifts  on  echo  pulses. 
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